Using the static structure factor SðqÞ calculated in the rescaled mean spherical approximation and in conjunction with the idealized mode-coupling theory, we determine the loci of the liquid-glass transition phase boundary for a saltfree suspension of charged colloids prepared in different counterions concentrations. For the simplest deionised chargestabilized colloidal liquid, our calculations demonstrate the possibility of observing, in restrictive regions of the phase diagram, the liquid ¢ glass ¢ liquid ¢ glass re-entrant transition. The latter disappears at a lower concentration of counterions and, when this arises, only the glass ¢ liquid ¢ glass is observed. We study this counterion-concentrationdependent re-entrant phenomenon by analyzing the non-ergodic Debye-Waller factor, SðqÞ and their corresponding spatial counterparts.
Introduction
A charged stabilized colloidal system is experimentally observed [1, 2] to undergo crystallization at a lower volume fraction (g K 0:15) of macroions. This phenomenon can be understood theoretically by the density functional theory [3] [4] [5] . In the context of disordered phase, the OrnsteinZernike (OZ) equation supplemented by the mean spherical approximation (MSA) closure has proved to be a competent tool if the evaluation of the equilibrium fluid structure is further augmented by the notion of size rescaling on charged macroparticles. Hansen and Hayter [6] applied this rescaling idea to study the SðqÞ of micelle solutions at very low g(%10 À3 ). By modeling the interactions between colloidal particles in the so-called Derjaguin-Landau-Verwey-Overbeek (DLVO) approximation [7] for which an analytical MSA SðqÞ solution [8] exists, they found the calculated SðqÞ agreeing excellently with measured data. For an aqueous dilute solution of charge-stabilized colloids, this rescaled MSA (RMSA) has thus made an impressive achievement in interpreting the SðqÞ of charged colloids. Comparatively fewer studies have reported applying the technique to more concentrated charged colloidal dispersions (g > 0:15). A study on these latter systems is both important and worthwhile since it affords an understanding of the liquid-glass phase transformation whose occurrence was observed to fall into the range of g > 0:2 [2, 9] .
In this work we use the RMSA SðqÞ in conjunction with the idealized mode-coupling theory www.elsevier.com/locate/jnoncrysol (MCT [10] ) to determine the liquid-glass transition boundaries under different screening conditions. An interesting result in our calculations is the observation of the transition from the liquid ¢ glass ¢ liquid ¢ glass (LGLG) re-entrant phenomenon in a restrictive region of the concentration of counterions to the GLG behavior at a lower concentration. A similar re-entrant phenomenon has recently been predicted by Wilke and Bosse [11] for an ionic glass.
Theory
In this section we introduce the effective onecomponent model previously developed by Belloni [12] and shown recently by Lai et al. [13, 14] to be an adequate model for studying the structure of concentrated charged colloids. In addition, we summarize the idealized MCT for describing the latter system.
Mean spherical approximation
Consider the multicomponent coupled OZ equations given by
where species i, j and ' are that i; j; ' ¼ 0 for macroions, i; j; ' ¼ 1 for counterions, and i; j; ' ¼ 2; 3; . . . for other small ions. Here q ' is the number density for species ', c ij ðrÞ is the direct correlation function and h ij ðrÞ ¼ g ij ðrÞ À 1 is the total correlation function which is defined in terms of the pair correlation function g ij ðrÞ. Adelman [15] has shown that Eq. (1) can be contracted to an effective direct correlation function c eff ðrÞ whose Fourier transform can be cast [12, 13] 
where superscript s stands for the short range component, k 
0 =r 0 Þ which, given Z 2 0 =r 0 , j and g, is solved iteratively for K r (and hence X). Note that X ! expðj=2Þ=ð1 þ j=2Þ in the limit of q 0 ! 0, a linearized DLVO result. This implies that theĉ c eff 00 ðqÞ (and hence the SðqÞ ¼ 1= ½1 À q 0ĉ c eff 00 ðqÞÞ above is appropriate for the description of a suspension of charged colloids at any finite concentration.
Mode-coupling theory
We turn to introduce the MCT appropriate for a suspension of charge-stabilized colloids. The scattering function F ðr; tÞ whose Fourier-Laplace transformedF F ðq; zÞ can be shown to be related to the memory functionM Mðq; zÞ bŷ R Rðq; zÞ F F ðq; zÞ SðqÞ
where D 0 is the Stokes-Einstein diffusion coefficient of a single particle. All the dynamical characteristics are embodied in the memory function M Mðq; zÞ. It can be inferred from the works of Szamel and L€ o owen [16] and others [17, 18] that there exists an idealized liquid-glass transition at a dynamical transition point which is determined by the following non-linear vitrification equation
Here the solution f c ðqÞ ¼ Rðq; t ! 1Þ 6 ¼ 0 is the glassy Debye-Waller factor, a non-ergodic state, whereas f ðqÞ ¼ 0 is the ergodic state. By making a two-mode approximation [17] [18] [19] , the above can be put in a form suitable for numerical work
Given SðqÞ, Eqs. (6) and (7) constitute two nonlinear coupled equations which we will solve iteratively for the loci of the liquid-glass transition (for technical details the interested readers should consult Lai et al. [20] applied for cases of atomic liquids).
Numerical results and discussion
In all of the calculations below we have (a) kept the charged colloids in water and maintained the colloidal dispersion at room temperature, (b) considered monovalent counterions as the only source of screening small ions and (c) imposed the condition of charge neutrality, q 1 Z 1 ¼ q 0 Z 0 , for the self-consistent calculation of j. As a result, the Z 0 and r 0 of macroions have to be adjusted [13] . Fig. 1(a) shows the c c À g c phase diagram calculated at j ¼ 1:5 and 2. For convenience, we have included in the same figure our previous results of j ¼ 2:65, 3 and 3.8 [21] . We note first of all that an increase in j will lead to a larger ergodic region. This general scenario typical for the hard-core Yukawa potential can be understood physically by analyzing the dependence of c on the Z 2 0 =r 0 and X [21] . Fig. 1(b) and (c) show the detailed changes of Z LGLG re-entrant phenomenon for 2 < j < 3:8; the LGLG transition disappears for j < 2, and when this happens, only the GLG transition is observed.
To delve into the re-entrant behavior, we consider a monodisperse (r 0 % 12 606 A A) charged colloidal system (see the interception of the horizontal lines in Fig. 1(c) and (d) ). Corresponding to this r 0 , we display respectively in Fig. 2(a) and (b) the two f c ðqÞ and SðqÞ calculated at j ¼ 1:5 (solid circles). One notices immediately that the f c ðqÞ and SðqÞ show concerted oscillatory structures. To see the role played by the charge of a macroion, we compare these results with a system of neutral hard spheres previously shown to have undergone structural arrested at g c ¼ 0:516 [20] . For this system the purely excluded volume effect has resulted in its f c ðqÞ delineating a rather short-ranged behavior. Thus, for the case of higher concentrated lower charged colloids (g c ¼ 0:5, Z c 0 ¼ 329e), it will be driven predominantly by the geometric restriction with its f c ðqÞ mainly of a shorter-range order. This is in contrast to the less concentrated (g c ¼ 0:175) higher charged (Z 0 ¼ 943e) case which reflects a change in localization mechanism being manifested primarily by the electrostatic effect and secondarily by the hard-core factor. Accordingly, the longer-range order necessary for ensuring the structural arrest of charged colloidal particles should differ drastically from the hard-core effects. This feature has in fact shown up in Fig. 3(a) for the spatial critical amplitude H ðrÞ which is the Fourier transform of SðqÞh c ðqÞ [20] . It is interesting to see the lower-g higher charged colloidal H ðrÞ [10] revealing a 'softening' in the local collective excitation in the process of b-relaxation. Consistent behavior is also observed for the pair correlation function gðrÞ depicted in Fig. 3(b) where the gðrÞ of the g c ¼ 0:175 (g c ¼ 0:5) charged colloids shifts outwards (inwards) in agreement with the overall change of f c ðqÞ in Fig. 2(a) . At this point, we should emphasize that in approaching the lowest values g, the macroion charge Z 0 needs increased to strong enough (Coulombic) coupling to ensure structural arrest of charged colloidal particles. In view of this we conjecture 1 that the disappearance of the LGLG phenomenon for j < 2 is indicative of the ineffectiveness of Coulombic coupling alone in driving charged colloids into an ergodic-nonergodic transition at a much lower g.
Conclusion
Using a realistic hard-core Yukawa potential to construct SðqÞ and applying the idealized MCT, we determine the parametric phase diagram for a deionized charge-stabilized dispersion. In the restrictive region 2 < j 6 3:8 of the phase diagram r 0 À g or Z 0 À g, we observe the LGLG re-entrant transformation. The LGLG re-entrant phenomenon disappears for j < 2 and is replaced instead by the GLG transition. The f c ðqÞ and SðqÞ and their spatial counterparts, H ðrÞ and gðrÞ, were analyzed to illustrate their correlations with the reentrant behavior. It is conjectured that the disappearance of the LGLG transformation for j < 2 is due to the ineffectiveness of Coulombic coupling alone in driving the system into an ergodic-nonergodic transition at a much lower g. We note in passing that the calculation presented here is quite general for the method, with slight and straightforward modification, could be used to investigate the phase diagrams of a more realistic chargestabilized colloidal solution such as a system of monodisperse polystyrene charged spheres in the presence of electrolytes [22] . 
